Many computer models for evacuation have been developed over the past fifteen years, primarily in the form of network-node analyses. These models, by their nature, are severely restricted and cannot accommodate geometrical complexity or compound irregularities in crowd transit. If modern buildings are to be analysed accurately in terms of their evacuation characteristics, then more sophisticated simulation techniques must be adopted. This papers details the development of a computer program that is based on new methods for modelling the motion of individual people in a building. The program makes use of the power of modern P.C.s and is based upon complex spatial analysis and computer-generated route-finding techniques. Particular emphasis is placed upon the incorporation of real-life data into the basic structure of algorithms, and how the performance of the program relates to the design codes [l] and Technical Standards [ 2 ] .
INTRODUCTION
The development of SIMULEX began by identifying the shortfalls of some of the computer programs developed over the past fifteen years. Network-node models such as EVACNET+ [3] made use of simple flow parameters of crowd motion. The user defined a number of rectangular spatial blocks and connecting arcs that modelled rooms and pathways in a building. Crowds were treated as homogenous masses, in terms of speed or flow rate, and various assumptions were made about their movement. Behavioural analyses, such as EXITT [4] adopted a different approach by assigning individual speeds, and concentrating much more on the psychological aspects of escape, by using rules formulated by the programmer. These early behavioural models made similar assumptions about the building space, by dividing the building into discrete spatial blocks. The networking of large rectangular spatial blocks may be satisfactory for buildings with simple floor plan layouts, but modem shopping malls, office blocks and stadia are becoming ever more complex and their spatial configurations cannot be considered as individual areas connected by pathways in a network of rooms. The network-node approach requires a high degree of user-input and cannot accommodate obstructions or highly irregular shapes within the building plan.
The most advanced form of the network models in the U.S. is EXIT 89 [5] . This was the first program to achieve the processing of large numbers of individual people and incorporates some modelling of the effect of smoke spread upon the occupants. Within each rectangular space all occupants are assigned the same walking speed, unless impeded by smoke. This model has been incorporated into the HAZARD1 package [6] , in an attempt to combine the simulation of fire growth, smoke spread, fire detection, and evacuation. Some degree of correlation with a real-life evacuation of a multi-storey building has been achieved. The program is still under development.
Two programs that have recently been developed in the U.K. use the network-node analysis technique, but on a much finer scale. EGRESS [7] applies certain rules and variables to each person. The building space is represented by a hexagonal grid system. Each hexagonal node represents the volume space of one person, and may be 'occupied' or 'empty'. Each person steps from one position to the next depending on certain rules, and speed is affected by the density of the surrounding crowd. The system is being developed for multi-storey buildings and it is intended that validation against real-life experiments will be carried out as part of the development process. EXODUS [8] is primarily intended for use on mass transport vehicles and the environment space is represented by a network of nodes, connected by arcs that define the available path of movement from one position to the next. Each node represents a small spatial area, and is regarded as either occupied or empty. Many character traits are described, and input from a fire / smoke spread program can be received and used to affect the behaviour of the occupants. An early validation exercise was executed by comparing EXODUS output to some aircraft evacuation tests and the experimental trends were simulated. Some of the simulated evacuation times were similar to the real-life tests, but not consistently so. This was possibly due to the lack of specific data for the traits of individuals in each evacuation.
The VEGAS system [9] has arisen from the recent developments in virtual reality techniques. The system illustrates fire growth, smoke spread, and occupant behaviour using real-time animation. The psychological aspects modelled are; group behaviour, alarm awareness and the effects of smoke. Each person chooses a direction by assessing userspecified target points along alternative escape routes. Escape only starts after the necessary threat triggers, such as alarm and smoke have been perceived. Unlike other models, this system does not use the commonly referenced speed / density curves, but instead looks at proximity logic, the mutual obstruction of escaping people and forces acting on their bodies at crowded doorways. One of the primary advantages of this system is its ability to communicate the building environment to the user, due to the clarity of the 3-dimensional graphics.
All of these models require a high degree of user-input. Throughout the development of SIMULEX the authors have attempted to minimise user-inputs while increasing the complexity and number of the computer algorithms in the program. EGRESS [7] and EXODUS [8] both use algorithms that set up a value of potential distance to exit at each node, but the directions of movement depend upon the number of arcs connecting one cell to another. This is however, a significant improvement upon the earlier network models, due to the resolution of the grids involved, and creates more spatial accuracy with less numerical user-inputs.
PRIMARY OBJECTIVES OF SIMULEX
A number of definite objectives were formulated at the outset of this project. They dictated the basic structure of the model and determined the underlying approach to solving problems that arose. The program sets out to:
Define the building space with only the building plan as a user-input
(ii) Input the building plan using graphical techniques, and a 'mouse' in order to reduce the time taken to define the building space. CAD package outputs should eventually complement this process.
(iii) Automatically define both the building space and escape routes for any building geometry, with a high degree of accuracy. Flexibility should also be incorporated in order that the user can change the nature of the escape routes, if desired.
(iv) Define individuals by creating a stack of person characteristics and co-ordinates using inputs based on population density figures from the Technical Standards [2] or research data. There will be a random distribution of occupant characteristics such as age and walking speed.
(v) Incorporate flexibility into the definition of escape routes, so that overtaking and similar behaviour consisting of localised route deviation can occur.
(vi) Incorporate speed reduction effects due to the proximity of other individuals; overtaking and 'jostling' algorithms, and floating point arithmetic for the assessment of angles of orientation and position.
(vi) Produce a plan view of the evacuation process, displaying a clock and a graphical representation of each person's movement with the passage of time.
. T I E SUITE OF PROGRAMS IN THIS PROJECT
The following programs were written to contribute to this project;
(i) DRAWPLAN -allows the user to define the building geometry
GRIDFORM -handles output from DRAWPLAN and segments the building space into a fine mesh of spatial squares. Once this is done, the routines create a map of boundary exits and distance contours throughout the building space.
(iii)
ONEMAN -uses data from DRAWPLAN and GRIDFORM, and uses this data to animate one person's movement from the most remote point in the building to the nearest building exit.
(iv)
SIMULEX -uses data from DRAWPLAN, GRIDFORM, and user-specified inputs describing population characteristics. A simulation of the building evacuation is then animated and analysed.
DRAWING THE BUILDING PLAN WITH 'DRAWPLAN'
The graphics program DRAWPLAN allows the user to draw in the building plan using the 'mouse' and a few key controls. Speed of input is obtained by creating walls and obstructions by defining rectangular 'building blocks', of any orientation and width. Only two 'clicks' of the mouse are required to draw a solid wall, so that the plan may be input as quickly and easily as possible. It is envisaged that the final version of this program will handle CADD outputs as an option.
DEFINING SPACE AND POTENTIAZ, EXIT ROUTES WITH 'GRIDFORM'
This program processes the data from DRAWPLAN and automatically forms a high definition integer distance grid where all walls or solid objects are assigned the maximum value, and exit values are set to zero. Within this grid the program sets up a fine mesh of data points whose assigned values are equal to their geometrical distance to the nearest exit. The plan area that each data point represents is equal to 0.0625 square metres.
The optimum route to exit from any point can be evaluated by assessing the pattern of surrounding values. The easiest way of visualising the route-finding system is to represent the 'spatial mesh' values in bands, as contours of distance from the nearest exit. The shortest route to exit at any point is obtained by heading at right angles through the contours. The distance contour map shown in Figure 1 is set up so that the optimum direction to the nearest exit is accurate to within 2 degrees, while computer processing time remains relatively short. The system is fairly flexible. Before the mesh is formed, the values at exits can be altered (instead of automatically set to zero) and this affects the whole pattern of the final 'distance map'. If an exit value is increased before the 'distance map' is formed, a bias is created, making exits more or less desirable. Research has proved that occupants often prefer to evacuate through more familiar escape routes, but comprehensive data is not yet available. This program uses the building plans and contour maps already formed. The point that is most remote from any exit is automatically identified by the computer. The route taken by a single person from this point to the nearest exit is then animated, with the time and distance travelled displayed as motion progresses. The final output displays the total route, the time taken and the distance travelled. The distance travelled is equal to the 'travel distance' as defined by the design codes [I] . The angle of travel is accurate to two degrees. Accuracy can be increased, if desired, by increasing the area of the scanning arrays used to set up the distance contour map.
MODELLING EVACUATION WITH 'SIMULEX'
The main program, SIMULEX, uses the building plan data compiled by 'DRAWPLAN' and 'GFUDFORM'. On execution, the program requests the name that has been assigned to the data files for one building, and then loads them. The building plan is displayed with a dialogue box at the bottom of the screen. The user is asked firstly if 'movement traces' are desired, and secondly about details of the population densities. If 'movement traces' are selected then individuals leave coloured trails behind them as they move, creating a graphical display of all of the escape routes taken. If 'movement traces' are not selected, then individual movement is animated, and the lines of individual escape routes are not displayed. The population density is input by specifying one density over the whole building, or different densities for different areas. The program then begins initialising the simulation.
POPULATION CHARACTERISTICS
At present, SIMULEX assumes that the building population consists of people with ages randomly distributed between 12 and 55, with male and female genders. Thus, the unimpeded walking speeds of individuals vary from 0.8 to 1.7 mls, and are assigned automatically when the stack of population characteristics is formed. These figures are based on the data from Ando et a1 [lo] , and can be adjusted if different characteristics are desired. The orientation of each individual's body is randomly distributed amongst the population when the 'character stack' is created. The co-ordinate position of each person is defined by creating a regular plan grid of people. The distances between people in this grid are calculated from the densities specified by the user at the outset.
RUNNING SIMULEX
When SIMULEX commences, all the movement algorithms are invoked far each individual, nine times per second. This frequency of assessment was chosen because the fastest person in the system could progress no more than 200mm between each movement assessment scan. Individual motion is evaluated by the methods described in Sections 7.2 -7.5. The dialogue box displays the time clock, the number of people in the building, and the file name. When the last person leaves the building, the total evacuation time is displayed.
ASSESSING ROUTE TO EXIT
In the first instance, each person uses the contour map to assess the optimum direction to exit (in terms of distance). This is done by looking in the direction that is perpendicular to the distance contours at that position. If the speed algorithm decides that motion is potentially impeded in this direction, then the overtaking and jostling algorithms are invoked.
FLUCTUATIONS IN INDIVIDUAL WALKING SPEEDS
The essence of simple crowd flow is the relationship between the proximity of individuals and their walking speed. As the distance between people in a crowd is reduced, the crowd density increases and the overall speed of forward motion in the group decreases. When the proximity increases to such a degree that bodily contact is incurred, then 'shuffling' and hrther irregular speed reduction occurs. At very high crowd concentrations 'body arching' or jamming can cause major speed reductions, and halt the forward motion of the crowd. This pattern of beha~iour has been observed and collated by many researchers, some of whose results are sumrnarised in Figure 2 . Note that the units are those used by Ando et a1 [lo] , and the other data values from Fruin [ll] Density (persons/rn2) Figure 2 . A comparison of available data on the crowd velocity 1 density relationship.
Speed reductions due to the proximity of others are calculated using an approximation of the speed / density curve presented by Ando et al [lo] . Unfortunately, the curve assesses speed in relation to crowd density over a given area, so it is necessary to convert the data to a form that relates speed to distances between individuals. SIMULEX requires data in this form in order that individual movement can be evaluated. For the purposes of the program, the speed is related to the inter-person distance 'd' between centre co-ordinates of the assessing and obstructing persons, as illustrated in (1) is based upon these observations, and assumes that in a crowd of evenly spaced people, the area per person is equal to the square of the average inter-person distance. Using this spatial assumption, the velocityldensity relationships described in Figure 1 are approximated in terms of inter-person distance by Equation (2) . The graph of the final data, derived from the figures from Ando et a1 [lo] is shown in Figure 3 .
, D is density (Number of persons/m2), V is unimpeded walking speed ( d s ) . NOTE: if d >1.12 then speed is assumed to be unimpeded. This 'distance threshold' of 1.12m can be adjusted if desired.
The formula is hlly applied when the nearest obstructing person is within the 100% zone (Figure 2) . If the nearest obstructing person is within a 50% zone, the speed reduction is multiplied by 0.5, and a second 'nearest person' in either of the other two zones will also incur only half of the speed reduction effect. For this gyaph, interference !hreshold is set at 1 . 1 2 m inter-personal distance. Velocity is unaffected obove this point.
,
Female -55yrs age / To check that SIMULEX displays the suitable range of speeds, and associated variation in speed within the population, it is possible to convert the data shown in Figure 4 back into units of density instead of inter-person distance. Thus, the emulated graph of velocity against density was obtained by using Equations (1) and (2) and is illustrated in Figure 5 .
VELOCIN/DENSITY CURVES based on inter-person distance
proportional t o velocity.
Below 1.12m (radius of personal space) walking velocity is assumed t o be proportional to inter-person distance. q 1 . 4 Radius of personal space will vary, depending on the cultural and aggression E characteristics of different people. Overtaking and localised deviation of route is observed frequently, and the deviation routine produces a degree ofjostling in the higher density crowds.
MOVEMENT CHARACTERISTICS
The program, by its nature, models queuing inherently. The speed calculations never yield a zero value, but each person is only allowed to move into unoccupied space and will therefore become stationary if exactly behind another person. Twisting movements of the body are restricted by an 'available twist factor' which is currently set at 0.01 secondsldegree. This twist factor is to be checked and updated, depending on the results of forthcoming observational research. As yet, no pushing or pressure build-ups are modelled.
EARLY SIMULATION RUNS
In order to assess the maximum flow capacity of a doorway width, the program was used to model high density, non-panicking crowds at doorways of different widths. With slight changes of the overtaking/jostling algorithm and the order in which speed assessment occurs (scanning from [most remotely positioned person] first, to [person at exit] last, or visa versa) then the flow rate 'q' can vary from 1.5 to 1.9 persons/m/s. Real-life observations of q include 1.5 ('Fire & Buildings' [14] ) and 1.8 persons/rn/s (Melinek [15] ) This correlation of simulated value to real life observation is encouraging, especially in view of some of the assumptions made in the speed assessment routine. Figure 6 demonstrates the ability of the program to cope with complex geometries and obstructions of any size. In the example shown, immediate reaction to alarm was assumed. It became clear from watching the progress of various simulations that the presence of a narrow obstruction in the centre of a 1.8 metre wide opening significantly reduced flow capacity, even though the total combined opening width was only reduced by O.lm.
9. CONCLUSIONS AND DEVELOPMENT SIMULEX adopts a new approach to modelling the evacuation of buildings. It combines the ease and speed of user-input with geometrical complexity and a population with individual characteristics of movement and speed. The aim is to produce a program that accepts population density values from the design codes [I] , or real observational measurements, but uses modem research and computing power to evaluate the potential evacuation of a complex building with a high degree of accuracy. At the same, it illustrates to the user any restrictive areas of the building where bottlenecks and 'jams' occur, in order that the design may be adjusted and optirnised for the purposes of evacuation.
The route-finding techniques that have been developed are geometrically accurate and 'travel distance' is assessed automatically. A choice of exit can be achieved by overlaying various distance contour maps based on different available final exits, and the effects of smoke spread could be simulated by the progressive addition of weighting factors to the contour maps over increasing areas of the building. At this stage, staircases have not yet been modelled because validation on a single storey, flat plane is required first.
More complex psychological factors affecting the building population are currently under investigation. One important factor is the time taken for individuals to react to an alarm and begin the physical escape process. This 'first stage' of evacuation is affected by an individual's awareness, eagerness to move, and the nature of the alarm. Studies, such as those carried out by Proulx [16] could be used as a basis for numerical values, but the data available at present does little more than suggest that the reaction time to alarms can vary from 10 seconds to 15 minutes. Other complex psychological factors such as the familiarity of routes and aggressiveness will be incorporated in a later version, but additions such as these must require a greater degree of user-input.
The strong correlation between test results and real-life values of crowd flow rate per unit exit width is very important. More large scale validation is required, and observational tests on evacuating people are to be carried out in the spring of 1994 in order that the accuracy of the computer methods can be determined. Results such as overtaking behaviour, twisting ability, and general route deviation will be logged and compared to the performance of the computer algorithms. Any parameters or assumptions found to be inaccurate in any way will be identified and adjusted. The hture development of SIMULEX will be based upon combining progressive advancement with the results from real-life observations and tests.
